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•  Hierarchical  hollow  urchin-like 
NiCo204  (HU-NiCo204)  is  facilely 
synthesized. 

•  HU-NiCo204  shows  high  activity  and 
stability  for  oxygen  evolution 
reaction. 

•  High  stability  of  HU-NiCo204  elec¬ 
trode  is  due  to  abundant  diffusion 
paths  of  gas. 
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Hierarchical  hollow  urchins  of  NiCo204  (HU-NiCo204)  were  synthesized  by  a  hard  templating  method 
followed  by  thermal  decomposition.  The  structure  consists  of  three  levels  of  hierarchy  i.e.,  zero¬ 
dimensional  nanoparticle  with  a  diameter  of  about  6  nm,  one-dimensional  chain,  and  three- 
dimensional  hollow  urchin,  respectively.  Nanoparticle  aggregates  of  NiCo204  (NA-NiCo204)  were  also 
synthesized  by  the  same  procedure  in  the  absence  of  the  hard  template.  Relative  to  NA-NiCo204,  HU- 
NiCo204  features  a  well-connected  three-dimensional  porous  structure,  which  is  beneficial  for  diffusion 
of  oxygen.  Consequently,  HU-NiCo204  displayed  superior  electrocatalytic  activity  towards  oxygen  evo¬ 
lution  processes  with  lower  overpotential,  higher  current  density,  and  higher  stability  than  NA-NiCo204. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

With  the  decrease  of  fossil  fuel  reserves  and  increasing  concerns 
relating  to  global  warming  and  climate  change,  the  demands  for 
clean  and  sustainable  energy  have  continued  to  increase.  Oxygen 
evolution  reaction  (OER)  is  an  important  half  reaction  involved  in 
many  energy  conversion  and  storage  processes  such  as  water 
splitting  and  rechargeable  metal-air  batteries.  [1-4]  To  date,  Ir02 
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and  Ru02  are  the  most  active  OER  catalysts,  operating  in  acidic  and 
alkaline  solutions.  [5—9]  However,  their  applications  are  limited 
owing  to  the  high  cost  and  scarcity  of  the  precious  metals.  There¬ 
fore,  extensive  research  effort  has  been  devoted  to  developing 
highly  active,  durable,  and  low-cost  alternatives  such  as  perovskites 
[10,11  and  transition  metal  oxides.  [1,12-17]  Among  the  transition 
metal  oxides,  NiCo204  is  one  of  the  most  promising  materials  for 
use  in  an  alkaline  medium,  owing  to  its  enhanced  electrical  con¬ 
ductivity  and  high  number  of  catalytically  active  sites 
[15,16,18-21]. 

The  microstructure  of  a  catalyst  is  known  to  significantly  influ¬ 
ence  the  catalytic  activity.  [22 — 25]  Various  NiCo204  microstructures 
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for  OER  processes  have  been  reported  such  as  core-ring,  [19] 
nanowire  array,  [15,16]  aerogel,  [18]  hierarchical  nanorod,  [20] 
and  mesoporous  nanoplatelet/graphene.  [21]  Recently,  hierarchi¬ 
cal  hollow  structures  have  attracted  great  interest  because  of  the 
intrinsic  advantages  of  building  blocks  and  additional  benefits 
resulting  from  the  secondary  architecture.  [26-31]  Many  studies 
have  demonstrated  the  higher  electrocatalytic  performance  of  such 
hierarchical  hollow  structures,  owing  to  their  distinguished  prop¬ 
erties  over  their  solid  counterparts.  [25,32,33]  The  building  blocks 
at  the  nanoscale  can  maintain  high  catalytic  activities.  Moreover, 
the  cavity  and  the  pores  on  the  shell  are  interconnected  to  form 
through  holes,  which  enable  both  the  outer  and  inner  surfaces  of 
the  catalyst  to  come  into  contact  with  the  reactants  and  shorten 
diffusion  length  paths  of  the  evolved  gas.  However,  to  our  knowl¬ 
edge,  studies  on  hierarchical  hollow  NiCo204  as  an  OER  electro¬ 
catalyst  have  not  been  reported  yet. 

In  this  work,  we  used  a  hard  templating  method  followed  by 
thermal  decomposition  to  prepare  hierarchical  hollow  urchins  of 
NiCo204  (HU-NiCo204).  Nanoparticle  aggregates  of  NiCo204  (NA- 
NiCo204)  as  the  control  sample  was  also  synthesized  using  the 
same  procedure  however,  in  the  absence  of  the  hard  template.  The 
prepared  materials  were  evaluated  as  electrocatalysts  for  OER.  HU- 
NiCo204  exhibited  higher  OER  electrocatalytic  activity  with  lower 
overpotential,  higher  current  density,  and  higher  stability  when 
compared  with  NA-NiCo204,  owing  to  the  unique  hierarchical 
hollow  urchin-like  structure. 

2.  Experimental 

2.2.  Synthesis  of  polystyrene  latex  templates 

Polystyrene  (PS)  particles  were  prepared  by  dispersion  poly¬ 
merization  of  styrene  according  to  the  reported  procedure.  [34] 
Typically,  1.588  g  polyvinyl  pyrrolidone  (K-30,  >95.0%,  Xilong 
Chemical  Co.  Ltd.,  Guangdong,  China)  and  0.1694  g  K2S2O8  (>99.5%, 
Xilong  Chemical  Co.  Ltd.,  Guangdong,  China)  were  dissolved  in 
100  mL  ethanol/deionized  water  (85:15,  (v/v))  in  a  500-mL  round- 
bottom  flask.  The  mixture  was  stirred  and  purged  with  nitrogen  for 
20  min,  and  heated  to  70  °C  a  heating  rate  of  4  °C  min'1  using  a 
temperature-controlled  water  bath.  Then,  17.5  mL  styrene  (>98%, 
Tianjin  Fuchen  Chemical  Regent  Factory,  Tianjin,  China)  and 
0.175  mL  divinyl  benzene  (>98%,  Tianjin  Fuchen  Chemical  Regent 
Factory,  Tianjin,  China)  were  added  to  the  solution.  The  polymeri¬ 
zation  was  performed  at  70  °C  for  24  h  under  nitrogen  to 
completion.  The  resulting  latex  particles  were  collected  via 
centrifugation  at  4000  x  g  for  20  min,  washed  successively  with 
deionized  water  and  ethanol  three  times,  and  freeze  dried  for  24  h. 
All  reagents  were  used  without  further  purification.  The 
sulfonated-PS  particles  were  prepared  by  reaction  with  concen¬ 
trated  sulfuric  acid  (18.4  mol  L'1).  Typically,  1.7  g  of  as-prepared  PS 
particles  was  dispersed  in  60  mL  concentrated  sulfuric  acid,  assis¬ 
ted  by  sonication  for  30  min.  The  mixture  was  stirred  at  40  °C  for 
5  h.  The  resulting  particles  suspension  was  centrifuged  at  4000  x  g 
for  20  min,  washed  with  deionized  water  and  ethanol  for  three 
times,  respectively,  and  dried  at  50  °C  for  10  h. 

2.2.  Synthesis  of  HU-NiCo204  and  NA-NiCo204 

HU-NiCo204  was  synthesized  using  a  hard  templating  method 
followed  by  thermal  decomposition.  Ni(N03)2*6H20,  Co(N- 
03)2  •  6H2O,  and  Na2C03  were  obtained  from  Xilong  Chemical  Co.  Ltd. 
(Guangdong,  China),  and  used  without  further  purification.  Typi¬ 
cally,  0.2  g  of  sulfonated-PS  particles  was  dispersed  in  30  mL 
deionized  water,  assisted  by  sonication  for  30  min.  A  mixed  solution 
of  20  mL  Ni(N03)2  (0.03  mol  L”1)  and  Co(N03)2  (0.06  mol  L~')  was 


then  added  to  the  sulfonated-PS  particles  dispersion,  and  the 
resulting  mixture  was  stirred  for  2  h  and  heated  to  60  °C  at  a  heating 
rate  of  4  °C  min'1.  Then,  20  mL  Na2CC>3  (0.099  mol  L'1)  was  slowly 
added  to  the  mixture  and  stirred  at  60  °C  for  24  h.  The  resulting 
product  was  centrifuged  at  1000  x  g  for  10  min,  washed  with 
deionized  water  for  five  times,  and  dried  at  50  °C  for  10  h,  and 
denoted  as  P-HU-NiCo204.  P-HU-NiCo204  was  subsequently 
calcined  in  air  at  400  °C  for  6  h  at  a  heating  rate  of  2  °C  min'1  to 
remove  the  template,  generating  HU-NiCo204.  NA-NiCo204  was 
synthesized  using  the  same  procedure,  but  in  the  absence  of  the 
template.  The  precursor  of  NA-NiCo204  is  referred  as  P-NA-NiCo204. 

2.3.  Materials  characterization 

X-ray  powder  diffraction  (XRD)  was  used  to  study  the  crystal 
structure  of  the  prepared  catalysts.  Powder  diffraction  patterns 
were  recorded  on  a  Rigaku  XRD  diffractometer  (Rigaku  Co.,  Japan) 
using  Cu  Ka  radiation  (A  =  0.15406  nm).  The  data  were  collected 
from  20  =  5°-80°  at  a  scan  rate  of  5°  min'1.  Field-emission  scan¬ 
ning  electron  microscopy  (FESEM)  was  used  to  investigate  the 
morphology  of  the  catalysts.  FESEM  images  were  obtained  on  a 
Zeiss  Supra  55  field-emission  scanning  electron  microscope  (Carl 
Zeiss  Co.,  Germany),  operating  at  20  kV.  The  Bru- 
nauer-Emmett-Teller  (BET)  specific  surface  areas  were  obtained 
from  N2  adsorption-desorption  isotherms  that  were  recorded  at 
77  I<  (QUADRASORB  SI,  Quantachrome  Instrument  Co.,  USA).  High- 
resolution  transmission  electron  microscopy  (HRTEM)  was  used  to 
investigate  the  microstructure  of  the  catalysts.  HRTEM  images  were 
obtained  on  a  JEM-2100F  (JEOL  Ltd.,  Japan). 

2.4.  Electrochemical  measurements 

Electrochemical  measurements  were  carried  out  at  298  I<  on  a 
PARSTAT  2273  electrochemical  system  (Ametek  Co.,  USA) 
comprising  a  three-electrode  electrochemical  cell.  The  catalyst  ink 
was  prepared  from  2.5  mg  catalyst  (HU-NiCo204  or  NA-NiQ^CH), 
2.5  mg  XC-72,  100  pL  Nafion  solution  (5  wt%,  Sigma-Aldrich  Co., 
USA),  250  pL  deionized  water,  and  750  pL  isopropanol.  After  soni¬ 
cation  for  1  h,  6  pL  catalyst  ink  was  cast  onto  the  surface  of  a  freshly 
polished  rotating  glass  carbon  disk  electrode  (RDE,  5  mm  diameter, 
0.19625  cm2)  to  form  a  film  with  a  catalyst  loading  of 
-0.069  mg  cm'2.  The  as-prepared  catalyst  film  was  dried  at  room 
temperature.  The  RDE  was  then  mounted  on  an  interchangeable 
RDE  holder  (Pine  Instruments,  USA).  Pt  wire  and  saturated  calomel 
electrode  (SCE,  saturated  KC1,  0.2735  V  vs.  a  standard  hydrogen 
electrode  (SHE))  were  used  as  counter  and  reference  electrodes, 
respectively.  The  electrolyte  was  1  mol  L'1  NaOH  (guaranteed  re¬ 
agent,  GR,  Beijing  Chemical  Works)  solution,  and  it  was  further 
purified  by  using  the  following  method:  NaOH  solution  and  water 
purification  activated  carbon  were  mixed  and  oscillated  for  an  hour 
and  then  stood  overnight;  then  the  solution  was  filtered  by  using 
PTFE  membrane  to  get  purified  electrolyte.  Before  measurement, 
the  electrolyte  was  saturated  with  oxygen  by  bubbling  high-purity 
O2  for  30  min  and  a  flow  of  O2  was  maintained  over  the  electrolyte 
during  measurements. 

Cyclic  voltammetry  (CV)  curves  were  obtained  by  sweeping  the 
potential  at  a  sweep  rate  of  5  mV  s'1  at  25  °C  and  1600  rpm.  Po¬ 
larization  curves  (linear  sweep  voltammetry,  LSV)  were  obtained 
by  sweeping  the  potential  from  0.13  to  0.7  V  vs.  SCE  (i.e.,  1.23-1.8  V 
vs.  RHE),  at  a  sweep  rate  of  5  mV  s'1  at  25  °C  and  1600  rpm.  Tafel 
plots  were  assessed  using  LSV.  [6,12]  The  stability  tests  were  per¬ 
formed  in  02-saturated  1  mol  L'1  NaOH  at  25  °C  by  potential 
cycling  between  0.13  and  0.7  V  vs.  SCE  for  given  number  of  cycles 
(400,  800,  1200  cycles).  At  the  end  of  each  cycling,  the  resulting 
electrode  was  used  for  LSV  curve. 
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Fig.  1.  XRD  patterns  of  (a)  P-NA-NiCo204  and  P-HU-NiCo204,  and  (b)  NA-NiCo204  and  HU-NiCo204. 


The  overpotential  (77)  was  calculated  using  Eq.  (1).  The  equilib¬ 
rium  reaction  potential  (E°)  of  OER  was  calculated  by  the  Nernst 
equation  (Eq.  (2)).  And  E  (vs.  reversible  hydrogen  electrode  (RHE)) 
was  calculated  using  Eq.  (3). 


V  —  ^applied  "E  £ref  E 


(1) 


02  +  4H+  +  4e 


2H20 


E°  =  E°  +  RT  ln|P(02)  [h+1  j P°\/nF 

=  E°  +  0.0591 61g[P(02  )/P°]/n  -  0.0591 6pH 


(2) 


£(vs.  RHE)  =  Eapplied  +  £ref  +  0.05916pH  (3) 

^applied  is  the  applied  potential,  Ere f  is  the  reference  electrode  po¬ 
tential,  E°  is  the  standard  electrode  potential  of  OER  (1.229  V),  R  is 
the  gas  constant  (8.314  J  I<-1  mol-1)),  T  is  the  temperature  (298  K),  n 
is  the  electron  transfer  number,  F  is  the  Faraday  constant 
(96487  J  V-1  mol-1)),  P(02)  is  0.2  atm  when  oxygen  in  the  elec¬ 
trolyte  is  at  saturation  level,  and  pH  is  14  (electrolyte  is  1  mol  L-1 
NaOH).  Hence,  E°  was  evaluated  at  0.3904  V. 


3.  Results  and  discussion 

3.1.  Structure  of  HU-NiCc>204  and  NA-NiCo204 

The  bulk  crystal  structures  and  morphologies  of  the  two  pre¬ 
pared  electrocatalysts  and  their  precursors  were  characterized  by 
XRD,  SEM,  and  HRTEM.  As  shown  in  Fig.  la,  P-HU-NiCo204  and  P- 
NA-NiCo204  both  consist  of  a  mixture  of  basic  cobalt  carbonate 
(JCPDS  48-0038)  and  basic  nickel  carbonate  (JCPDS  35-0501).  The 
crystallinity  of  the  precursor  materials  is  relatively  low.  Both  P-HU- 
NiCo204  and  P-NA-NiCo204  comprises  short  nanofibers,  as 
observed  in  Fig.  2.  However,  the  assembly  of  the  short  nanofibers  in 
the  precursors  is  different.  As  shown  in  Fig.  2c,  d,  the  short  nano¬ 
fibers  grow  on  the  surface  of  the  sulfonated-PS  particles  to  form 
urchin-like  P-HU-NiQ^CH;  in  contrast,  the  short  nanofibers  grow  in 
a  disordered  fashion  to  form  P-NA-NiCo204  (Fig.  2g,  h). 

After  calcination  at  400  °C,  HU-NiCo204  and  NA-NiCo204  were 
generated.  According  to  the  literature  reports,  [35,36]  the  XRD 
patterns  of  HU-NiCo204  and  NA-NiCo204  (Fig.  lb)  can  be  indexed  to 
the  (111),  (220),  (311),  (400),  (511),  (440),  and  (533)  reflections  of 
face-centered  cubic-structured  NiQ^CH  (JCPDS  73-1702).  But  the 
crystallinity  of  HU-NiCo204  is  slightly  lower  than  that  of  NA- 
NiCo204.  Fig.  3  shows  the  morphologies  of  HU-NiCo204  and  NA- 


Fig.  2.  SEM  images  of  P-HU-NiCo204  at  (a)  low  and  (b)  high  magnifications.  HRTEM  images  of  P-HU-NiCo204  at  (c)  low  and  (d)  high  magnifications.  SEM  images  of  P-NA-NiCo204  at 
(e)  low  and  (f)  high  magnifications.  HRTEM  images  of  P-NA-NiCo204  at  (g)  low  and  (h)  high  magnifications. 
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Fig.  3.  (a)  SEM  images  of  HU-NiCo204,  the  inset  shows  a  fractured  portion  of  HU-NiCo204;  (b)  HRTEM  image  of  HU-NiCo204  at  low  magnifications;  (c)  a  magnification  of  the  white 
square  area  in  (b);  (d)  a  magnification  of  the  white  square  area  in  (c);  (e)  SEM  image  of  NA-NiCo204;  (f)  HRTEM  image  of  NA-NiCo204  at  low  magnifications;  (g)  a  magnification  of 
the  white  square  area  in  (f);  (h)  a  magnification  of  the  white  square  area  in  (g). 


NiCo204.  HU-NiCo204  featured  a  hollow  urchin-like  morphology, 
and  the  diameter  of  the  cavity  is  estimated  at  250  nm  (Fig.  3b). 
HRTEM  analysis  shows  that  the  hierarchical  structure  consists  of 
three  levels:  zero-dimensional  nanoparticle  with  a  diameter  of 
about  6  nm  (Fig.  3d),  one-dimensional  chain  (Fig.  3c),  and  three- 
dimensional  hollow  urchin-like  structure  (Fig.  3b),  respectively. 
The  thickness  of  the  HU-NiCo204  shell  is  estimated  at  10  nm 
(Fig.  3c).  In  contrast,  NA-NiCo204  features  no  specific  morphology, 
and  consists  of  randomly  and  densely  aggregated  nanoparticles 
(Fig.  3e-h).  The  average  size  of  the  nanoparticles  is  about  15  nm. 
Although  there  are  some  pores  among  the  nanoparticles,  NA- 
NiCo204  is  severely  agglomerate  due  to  the  strong  surface  energy  of 
nanoparticles. 

The  fabrication  processes  of  HU-NiCo204  and  NA-NiCo204  are 
schematically  depicted  in  Fig.  4.  As  shown  in  Fig.  4a,  Ni2+  and  Co2+ 
adsorb  on  the  surface  of  sulfonated-PS  particles  upon  mixing 
sulfonated-PS  particles  with  a  solution  of  Ni(N03)2  and  Co(N03)2. 
Subsequent  slow  addition  of  Na2C03  produces  urchin-like  P-HU- 


NiCo204.  During  calcination  in  air,  both  template  (sulfonated-PS 
particles)  removal  occurs  in  addition  to  the  reaction  shown  in  Eq. 
(4).  As  phase  structure  transformation  and  release  of  gaseous  C02 
and  H20  proceed,  the  short  nanofibers  shrink  to  form  a  one¬ 
dimensional  nanochain  structure  and  abundant  pores  on  the  shell 
are  formed  (Fig.  3c).  [19,21,31]  Finally,  HU-NiCo204  with  a  hierar¬ 
chical  hollow  urchin-like  structure  is  obtained.  The  porous  shells 
enable  both  the  outer  and  inner  surfaces  of  the  catalyst  to  come  into 
contact  with  the  reactants  [25]  and  shorten  diffusion  length  paths 
of  the  evolved  gas  7].  As  shown  in  Fig.  4b,  in  the  absence  of  the 
sulfonated-PS  particles,  to  adsorb  Ni2+  and  Co2+,  the  short  nano¬ 
fibers  grow  randomly.  Following  calcination,  the  randomly  ar¬ 
ranged  short  nanofibers  shrink  to  form  nanoparticles,  producing 
NA-NiCo204. 

Ni2C03(0H)2  +  4Co(CO3)0.5(OH)  +  02  —  2NiCo204  +  3C02| 

+  3H20 1  (4) 


P-HU-NiCo204  HU-NiCo204 


x 


*  Ni2+ 

^ m 

HcOS-fl  B-SOjH 

•  Co2+ 

NiC03,  C0CO3 

frO*  f  V 
*  o  * 

O’ 

x 

sulfonated  PS 


NiCo204 


Fig.  4.  Schematic  illustration  of  the  formation  of  (a)  HU-NiCo204  and  (b)  NA-NiCo204. 


J.  Wang  et  al.  /  Journal  of  Power  Sources  268  (2014)  341—348 


345 


E/V  vs.  RHE 


Fig.  5.  (a)  CV  curves  of  HU-NiCo204  and  NA-NiCo204  electrodes  in  02-saturated  1  mol  L  1  NaOH  solution  at  1600  rpm  at  a  sweep  rate  of  5  mV  s  1  (b)  LSV  of  the  OER  for  the  HU- 
NiCo204  and  NA-NiCo204  electrodes  in  02-saturated  1  mol  L'1  NaOH  solution  at  1600  rpm  at  a  sweep  rate  of  5  mV  s'1,  the  inset  is  magnification  of  LSV  from  0.4  V  to  0.6  V  (vs.  SCE). 


The  electrocatalytic  activity  is  usually  affected  by  the  electronic 
configuration  and  physical  property  of  electrocatalysts.  Thus,  XPS 
and  BET  specific  surface  areas  of  HU-NiCo204  and  NA-NiCo204  were 
measured.  The  electronic  configurations  of  Co  (Fig.  SI  a)  and  Ni 
(Fig.  Sib)  for  both  HU-NiCo204  and  NA-NiCo204  were  almost  the 
same.  And  HU-NiCo204  featured  a  higher  BET  specific  surface  area 
(i.e.,  117  m2  g'1)  when  compared  with  that  of  NA-NiCo204  (i.e., 
93  m2  g-1).  The  measured  roughness  factor  (ft/)  values  of  the  HU- 
NiCo204  and  NA-NiCo204  electrodes  were  84  and  64,  respectively, 
as  calculated  from  the  surface  double-layer  capacitance  (Fig.  S2). 
The  higher  Rf  value  of  the  HU-NiCo204  electrode  implies  that  the 
electrochemical  active  area  is  higher  than  that  of  the  NA-NiCo204 
electrode,  which  has  a  lower  ft/ value. 

3.2.  Catalytic  activity  of  HH-MC02O4  and  NA-NiCo2C>4  for  oxygen 
evolution 

A  standard  method  based  on  a  three-electrode  electrochemical 
cell  was  used  to  evaluate  the  electrocatalytic  performance  of  HU- 
NiCo204  and  NA-NiCo204.  Fig.  5a  shows  the  CV  curves  of  HU- 
NiCo204  and  NA-NiCo204  in  1  mol  L-1  NaOH  at  a  scan  rate  of 
5  mV  s-1.  As  observed,  there  are  two  anodic  peaks  and  two  cathodic 
peaks  for  HU-NiCo204  and  NA-NiCo204  respectively,  which  means 
the  two  kinds  of  electrocatalysts  possess  the  same  electrocatalysis 
mechanism.  The  two  anodic  peaks  of  HU-NiCo204  located  at 
0.242  V  and  0.330  V  can  be  assigned  to  Nin/Nim  and  Ni111,  Com/NiIV, 
CoIV  transitions,  respectively.  [37,38]  The  two  cathodic  peaks 
located  at  0.243  V  and  0.110  V.  In  contrast,  NA-NiCo204  displayed 


different  redox  peak  positions— 0.339  V/ 0.246  V  (Nin/Nini)  and 
0.370  V/0.314  V  (Ni111,  Com/NiIV,  CoIV).  The  main  influential  factors  to 
the  different  redox  peaks  position  might  be  the  different  crystal¬ 
linity,  size  of  the  primary  particle  and  microstructure  [36,37,39,40] 
of  HU-NiCo204  and  NA-NiCo204. 

Fig.  5b  shows  the  LSV  curves  of  HU-NiCo204  and  NA-NiCo204 
obtained  at  a  catalyst  loading  of  0.069  mg  cm-2.  The  onset  over¬ 
potential  (?7onset)  of  HU-NiCo204  is  lower  than  that  of  NA-NiCo204 
by  33.8  mV.  Other  important  electrocatalytic  parameters  of  the 
electrodes  are  listed  in  Table  1.  As  seen  in  Table  1,  the  electro¬ 
catalytic  performance  of  HU-NiCo204  for  OER  is  higher  than  that  of 
NA-NiCo204.  The  superior  performance  can  be  attributed  to  the 
hierarchical  hollow  urchin-like  structure  of  HU-NiCo204.  As  dis¬ 
cussed  earlier,  the  unique  structure  features  a  high  BET  specific 
surface  area,  and  enables  both  the  outer  and  inner  surfaces  of  the 
catalyst  to  come  into  contact  with  the  reactants,  all  of  which  are 
highly  beneficial  towards  improved  catalytic  processes. 
[25,32,33,41-44]  Although  the  electrocatalyst  loading  density  of 
the  HU-NiCo204  and  NA-NiCo204  electrodes  is  lower  when 
compared  with  those  in  the  literature  reports,  [15,16,21,45]  the 
produced  j  (mA  cm-2  mg-1)  values  of  the  herein  prepared  elec¬ 
trodes  are  significantly  higher.  This  can  be  attributed  to  the  nano¬ 
crystalline  characteristic  of  HU-NiCo204  and  NA-NiCo204.  Catalytic 
reactions  are  known  to  proceed  on  the  surface  of  materials.  Hence, 
the  smaller  the  size  of  a  catalyst,  the  higher  the  rate  of  use  of  the 
catalyst  per  unit  mass  of  catalyst. 

Tafel  plots  of  the  HU-NiCo204  and  NA-NiCo204  electrodes  are 
shown  in  Fig.  6.  Based  on  the  linear  fitting  of  the  Tafel  plots  at  low 


Table  1 

OER  electrocatalytic  parameters  of  the  prepared  NiCo204  nanomaterials. 


Modifed  electrode 

HU-NiCo204/ 

XC-72/Nafion/ 

RDE 

NA-NiCo204 

/XC-72/ 

Nafion/RDE 

NiCo204/Ni 

NiCo204  NW/Ti 

NixCo3_x04-l: 

1  NW  /Ni 

References 

This  work 

This  work 

[45] 

[15] 

[16] 

Testing  condition 

1  mol  L'1 

1  mol  L'1 

1  mol  L  1 

1  mol  L  1 

1  mol  L  1 

Electrocatalyst  loading 

NaOH,  25  °C 

0.069 

NaOH,  25  °C 
0.069 

KOH,  25  °C 

NaOH,  25  °C 

2.7 

NaOH,  25  °C 

7.4 

density  (mg  cm'2) 
Tafel  slope  b  (mV  dec'1) 

51.3 

52.4 

70 

59 

66 

7]  (mV)  at  10  mA  cm'2 

419.3 

457.9 

360.3 

>400 

361.6 

jh  at  1.7  V  vs.  RHE 

(mA  cm  2) 

33.1 

16.7 

114.8 

45.4 

>74.0 

(mA  cm'2  mg ^) 

479.7 

242.0 

— 

16.8 

>10.0 

jh  at  1.8  V  vs.  RHE 

(mA  cm'2) 

79.2 

52.9 

— 

— 

— 

(mA  cm  2  mg ^) 

1147.8 

766.7 

— 

— 

— 

a  NW,  nanowires  array. 
b  j,  current  density. 
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Fig.  6.  (a)  Tafel  plots  of  HU-NiCo204  and  NA-NiCo204  electrodes;  (b)  linear  fitting  of  Tafel  plots  at  low-potential  regions. 


overpotential  (Fig.  6b),  the  Tafel  slope  b  of  HU-NiCo204  is  lower 
than  that  of  NA-NiCo204  by  1.1  mV  dc~l  As  the  Fig.  6a  shown,  at  the 
high  overpotential  region,  polarization  curve  of  NA-NiCo204  de¬ 
viates  from  the  linear  region  larger  than  that  of  HU-NiCo204  by 
13.8  mV.  The  deviation  of  the  polarization  curve  from  the  linear 
region  is  due  to  the  generation  of  oxygen  gas  that  decreases  the 
active  surface  area  and  drives  the  electrolyte  out  of  the  pores. 
[15,46]  The  difference  between  NA-NiCo204  and  HU-NiCo204  was 
attributed  to  the  unique  hierarchical  architecture  of  FUJ-NiCo204,  as 
illustrated  in  Fig.  7.  The  FlU-NiCo204  shell  is  very  thin  and  com¬ 
prises  abundant  pores  caused  by  the  phase  structure  trans¬ 
formation  and  release  of  gaseous  CO2  and  H2O  during  calcination  in 
air,  which  enable  oxygen  to  escape  rapidly  from  the  surface  of  the 
catalyst  and  the  electrolyte  to  effectively  infiltrate  the  catalyst  for 
continuing  catalysis  processes.  [18  In  contrast,  NA-NiCo204  fea¬ 
tures  many  dense  stacking  structures  that  restrict  the  fast  diffusion 
of  oxygen  upon  generation  of  large  oxygen  amounts,  which  sub¬ 
sequently  adheres  to  the  catalyst  surface.  The  residual  oxygen  de¬ 
creases  the  active  surface  area  and  drives  the  electrolyte  out  of  the 
pores.  Thus,  polarization  curve  of  NA-NiCo204  deviates  from  the 
linear  region  larger  than  that  of  HU-NiCo204. 


The  stability  of  the  HU-NiCo204  and  NA-NiCo204  electrodes  was 
evaluated  and  shown  in  Fig.  8a,  b,  respectively.  After  1200  cycles,  the 
HU-NiCo204  electrode  displays  comparable  LSV  curves  with  the  LSV 
curve  obtained  after  the  first  cycle  with  subtle  decrease  in  the  anodic 
current.  In  contrast,  the  NA-NiCo204  electrode  showed  a  markedly 
reduced  stability.  Comparison  of  the  digital  photographs  of  the  HU- 
NiCo204  (Fig.  8c,  e)  and  NA-NiCo204  electrodes  (Fig.  8d,  f)  before  and 
after  the  stability  studies  revealed  that  the  HU-NiCo204  electrode 
featured  no  changes  after  the  stability  test.  Contrarily,  some  parts  of 
the  NA-NiCo204  electrode  film  had  fallen  off  following  the  stability 
test.  These  observations  were  consistent  with  the  LSV  curves.  These 
results  suggest  that  the  microstructure  of  the  electrocatalyst  has  a 
significant  influence  on  the  stability  of  the  electrode.  Owing  to  the 
unique  structure  of  HU-NiCo204,  the  three-dimensional  hollow  ur¬ 
chin  prevents  aggregation  of  HU-NiCo204.  Additionally,  the  thin  and 
porous  shell  connect  the  cavities  to  form  the  well-connected  three- 
dimensional  through  pore  structure,  which  is  beneficial  towards 
efficient  oxygen  diffusion  and  consequently  highly  advantageous 
towards  the  high  stability  of  the  electrode  (Fig.  8g).  Conversely,  the 
NA-NiCo204  electrode  film  (Fig.  8h)  is  dense  and  lacks  a  well- 
connected  through  pore  structure.  Thus,  many  paths  for  oxygen 


Fig.  7.  Schematic  illustration  of  the  OER  process  for  (a)  HU-NiCo204  and  (b)  NA-NiCo204. 
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Fig.  8.  LSV  of  the  OER  for  (a)  HU-NiCo204  and  (b)  NA-NiCo204  electrodes  in  02-saturated  1  mol  L-1  NaOH  solution  at  1600  rpm  at  a  sweep  rate  of  5  mV  s-1  before  cycling,  and  after 
400,  800,  and  1200  cycles.  Digital  photographs  of  (c)  HU-NiCo204  and  (d)  NA-NiCo204  electrodes  before  the  stability  test;  digital  photographs  of  (e)  HU-NiCo204  and  (f)  NA-NiCo204 
electrodes  after  1200  cycles.  Schematic  illustration  of  the  02  evolution  process  for  (g)  HU-NiCo204  and  (h)  NA-NiCo204  electrodes. 


diffusion  are  randomly  created  during  oxygen  generation  and 
diffusion,  which  significantly  damage  the  electrode. 

4.  Conclusions 

We  have  successfully  synthesized  HU-NiCo204  using  a  hard 
templating  method  followed  by  thermal  decomposition.  The 
prepared  catalyst  shows  excellent  OER  electrocatalytic  activity  in 
an  alkaline  medium.  In  comparison  with  NA-NiCo204,  HU- 
NiCo204  exhibits  lower  onset  overpotential,  significantly  smaller 
deviation  of  the  polarization  curve  at  the  high  potential  region, 
and  higher  electrode  film  stability.  The  superior  electrocatalytic 
activity  and  stability  of  HU-NiCo204  can  be  attributed  to  its 
unique  hierarchical  hollow  microstructure.  The  cavities  and  the 
pores  on  the  shell  are  advantageous  for  fast  oxygen  diffusion  and 
effective  electrolyte  infiltration  in  the  catalyst.  Moreover,  the  HU- 
NiCo204  electrode  with  well-connected  three-dimensional 


through  pores  has  abundant  diffusion  paths  of  oxygen,  which 
effectively  ensure  the  high  stability  of  the  electrode  film.  Our 
studies  demonstrate  the  fabrication  of  a  highly  electroactive  and 
low-cost  OER  electrode  based  on  noble  metal-free  nanostructured 
catalysts  that  are  highly  applicable  in  energy  conversion 
technologies. 
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Supplementary  data  related  to  this  article  can  be  found  at  http:// 
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